Background. Phosphodiesterase III inhibitors increase myocardial contractility and decrease left ventricular (LV) afterload. We studied whether these effects altered LV response to an increase in cardiac load and affected length-dependent regulation of myocardial function.
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Length-dependent regulation of myocardial function is the ability of the heart to improve its performance when preload is increased. In the non-failing heart, an increase in diastolic volume increases cardiac function 1 2 but when a failing left ventricle is subjected to an additional load, it appears to be unable to recruit the Frank±Starling mechanism, and does not improve its function. 3 4 In coronary surgery patients with an ejection fraction >40%, an increase in cardiac load by leg elevation caused a variable left ventricular (LV) response. Some patients showed improvement, whereas other patients showed either no change or even reduced LV function. This latter response was related to a de®cient length-dependent regulation of myocardial function, with a decrease in stroke volume and maximal rate of pressure development (dP/dt max ), delayed myocardial relaxation with enhanced load dependence of LV pressure (LVP) decline, and a more pronounced increase in end diastolic pressure (EDP). 5 6 Therefore even in patients with reasonable baseline cardiac function, length-dependent regulation of myocardial function may be impaired.
Milrinone inhibits phosphodiesterase III (PDE III) and this induces breakdown of cyclic adenosine monophosphate (cAMP), leading to increased myocardial contractility and vasodilation of vascular smooth muscle. 7 8 The effects of milrinone on cardiac function therefore result from improved contractility and decreased afterload.
On the basis of these effects, we proposed that milrinone would not only improve baseline LV function but would also affect the length-dependent regulation of myocardial function. We therefore compared the effects of leg elevation before and during administration of milrinone.
Methods
We studied 10 patients scheduled for elective coronary bypass surgery. The study was approved by the Institutional Ethical Committee (University Hospital Antwerp, Edegem, Belgium) and written informed consent was obtained. We excluded patients with an ejection fraction <40% because of the potential adverse haemodynamic effects of transducer insertion in these patients. We also excluded patients having repeat coronary surgery, concurrent valve repair or aneurysm resection, and patients with unstable angina or with valve disease.
All cardiac medication, with the exception of angiotensin converting enzyme inhibitors, was continued until the morning of surgery. Patients received routine monitoring with ®ve-lead ECG, radial and pulmonary artery catheters, pulse oximetry, capnography, and blood and urinary bladder temperature monitoring. Anaesthesia was induced with remifentanil 0.5 mg kg ±1 , diazepam 0.1 mg kg ±1 , and pancuronium bromide 0.1 mg kg ±1 , followed by remifentanil 0.4 mg kg ±1 min ±1 and sevo¯urane 0.5±1% in an oxygenenriched air mixture (FI O 2 0.5). Standard median sternotomy and pericardiotomy were performed and the aortic cannula was secured in place.
Experimental preparation
In each patient, two sterilized, pre-zeroed catheter-tip pressure transducers (MTCP3Fc catheter, Dra Èger Medical Electronics, Best, The Netherlands; frequency response 100 kHz) were inserted. One catheter was positioned in the left atrium and the other in the LV cavity, both via the right superior pulmonary vein. The catheters were connected to a Hewlett Packard monitor (HP78342A, Hewlett Packard, Brussels, Belgium). The output signals of the pressure transducer system were digitally recorded, together with the ECG signals, at 1 ms intervals (Codas, DataQ, Akron, OH).
Zero and gain settings of the transducers were also checked against a high-®delity pressure gauge (Druck Ltd, Leicester, UK) after removal.
Experimental protocol
Heart rate was kept constant at a rate of 90 beats min ±1 by atrioventricular sequential pacing. LV EDP was kept constant to ensure stable ®lling pressures throughout by slow administration of the priming¯uid through the aortic cannula whenever necessary. Concentrations of the anaesthetic agents were not altered during the study. All measurements were obtained with ventilation stopped at end expiration. The measurements consisted of recordings of consecutive ECG and LVP tracings when systolic and diastolic pressures were increased by raising the lower end part of the surgical table by 45°, raising the legs, resulting in a rapid beat-to-beat increase in LVP.
After recording measurements in baseline conditions (baseline 1), the patients were given a continuous infusion of milrinone 20 mg kg ±1 over 15 min. This dose has inotropic effects similar to the usual dose of 50 mg kg ±1 but causes less hypotension. 9 After a second set of measurements, milrinone was discontinued. When haemodynamic values had returned to baseline, the effects of leg elevation were measured again (baseline 2) to assess a possible time effect.
Data analysis
EDP was measured at the peak of the R wave on the ECG. The effects of leg elevation in the different conditions on LV load and function were evaluated by the changes in EDP, peak LVP, LVP at maximum rate of pressure decrease (dP/dt min ), end systolic pressure (ESP), and maximal rate of pressure development (dP/dt max ). The effects of leg elevation on the rate of LVP decline were measured by dP/dt min and the time constant t of isovolumic relaxation. t was calculated using a monoexponential model with non-zero asymptote using LVP values from dP/dt min to mitral valve opening. The following equation was used: ln P t =ln P 0 ±time/t. Time constant t was linearly ®tted to the corresponding ESP, and the slope R (ms per mm Hg) of this relation was calculated. R indicates changes in t, induced by the changes in ESP, and expresses the afterload dependence of the rate of LVP decline. 10 At least 10 consecutive beats were measured for the calculation of R.
Statistical analysis
Data before and after leg elevation in the different conditions were compared using a two-way analysis of variance for repeated measurements. Interaction analysis revealed whether effects of leg elevation were different with milrinone. The Bonferroni±Dunn test was used to analyse differences between the different experimental conditions. Relationships between haemodynamic parameters were analysed using linear regression analysis computing Pearson's correlation coef®cient. Slopes and intercepts of the different relationships were compared using a t test. All P values were two-tailed and P<0.05 was considered signi®cant. Data are expressed as mean (SD).
Results Table 1 summarizes the patient characteristics. None of the patients developed myocardial ischaemia or haemodynamic instability during the study. Table 2 shows the effect of milrinone on LV and left atrial pressure in the 10 patients. Mean peak LVP and dP/dt max increased, whereas the other values remained unchanged. Figure 1 illustrates the effect of leg elevation before and during milrinone infusion in an individual patient. The effect of leg elevation on LVP was more pronounced during milrinone infusion. The effect of leg elevation on rate and pattern of pressure decline is illustrated with dP/dt vs pressure phase±plane plots (Fig.  2 ). On such a plot the cardiac cycle is read clockwise from the left, pressure increase being displayed above the zero line and pressure decrease below the zero line. In each panel of Figure 2 , a beat after leg elevation is compared with the tracings obtained before leg elevation. Before milrinone, leg elevation increased peak LVP but rate and pattern of pressure increase and pressure decline remained unchanged. During milrinone administration, not only was the increase in LVP with leg elevation more pronounced but rate of pressure development and pressure decline was increased.
The effects of leg elevation in baseline conditions and during milrinone are summarized in Table 2 . The increase in LVP, dP/dt max and time from end diastole to dP/dt min with leg elevation were signi®cantly greater with milrinone compared with baseline. The increase in dP/dt min with leg elevation was also more pronounced. t increased with leg elevation in baseline conditions but remained unchanged during milrinone. The increase in EDP with leg elevation was less pronounced with milrinone. Sample correlation coef®cients of the ESP±t relationship yielded values of r>0.92 in all patients. The slope of this relationship quanti®ed load dependence of relaxation. Compared with baseline, milrinone decreased R.
During the alteration in cardiac load by leg elevation, changes in measures of contraction and relaxation were coupled. Figure 3 illustrates the relationship between the afterload dependence of relaxation of LVP decline (R) and individual changes in dP/dt max with leg elevation at baseline conditions and with milrinone. At baseline, R and changes in dP/dt max were related according to the equation: y=0.68±0.004x (r=0.75; P<0.05). With milrinone, the relationship between R and changes in dP/dt max was similar (y=0.59±0.005x; r=0.89; P<0.05) but the data demonstrated a shift downwards and to the right compared with the data in baseline conditions. Figure 4 illustrates the relationship between R and individual changes in EDP with leg elevation at baseline conditions and with milrinone. At baseline, R and changes in EDP were related according to the equation: y=±0.13+0.05x (r=0.72; P<0.05). With milrinone, the relationship between R and changes in EDP was also similar (y=±0.23 0.10x; r=0.77; P<0.05) but the data were shifted downwards and to the left compared with the data in baseline conditions. Data in baseline 1 and 2 were similar (Table 2) , excluding a possible time effect in the present observations.
Discussion
In these patients about to have coronary artery surgery and with a preoperative ejection fraction >40%, milrinone not only improved baseline myocardial function but also improved the length-dependent regulation of myocardial function. Length-dependent regulation of myocardial function is the ability of the heart to improve its performance when preload is increased. This is characterized by an increase in dP/dt max and a decreased load dependence of myocardial relaxation when cardiac loading is increased with leg elevation.
Milrinone improves baseline cardiac function by increasing contractility and reducing afterload. The inotropic and vasodilating activities of milrinone are caused by a dosedependent inhibition of PDE III with an increase in intracellular cAMP. 7 8 The mechanisms involved in the improvement of the length-dependent regulation of myocardial function with milrinone are less clear. A possible explanation for this observation is related to the physiological concept of relative load.
11±13 This concept was developed from experimental observations in isolated cardiac muscle and in animal experiments in vivo.
14 Relative load is de®ned as the ratio of baseline systolic LVP to isovolumic systolic pressure and is expressed as a percentage. A low relative load (<70%) is associated with normal cardiac function, whereas a high relative load (>80%) suggests cardiac dysfunction. In this case, afterload reserve is limited. Afterload reserve is the capacity of the ventricle to respond to an afterload elevation with a limited increase in systolic volume and no slowing of LVP decline 11±13 The afterload mismatch at high relative load slows LVP decline and shifts the diastolic pressure±volume relationship upwards, with increased EDP and diastolic failure. 13 15 Assessment of relative load cannot be obtained clinically by calculating the ratio of actual systolic LVP to isovolumic systolic pressure. However, because of the close relationship between rate of LVP decline and cardiac loading conditions, 10±14 the response of the rate of LVP decline to an increase in cardiac load could indicate if the ventricle is working at low or high relative load. If LV function improves and the rate of LVP decline accelerates when load is increased, this indicates that the relative load at which the ventricle is working is low. Conversely, when LV function decreases and the rate of LVP decline is slower, this indicates that the ventricle is working at high relative load. Previous observations in coronary surgery patients showed that an increase in cardiac load caused a variable haemodynamic response. Some patients showed improvement, whereas other patients showed either no change or even impairment of LV function. These patients developed a decrease in dP/dt max , and a delayed myocardial relaxation with enhanced load dependence of LVP decline. 5 6 16 17 This response corresponds to what can be expected of a ventricle working at high relative load. The response of the left ventricle to an increase in cardiac load with leg elevation is modulated by changes in cardiac contractility and cardiac loading conditions.
18±20
Milrinone increases myocardial contractility and reduces ventricular afterload, 7 8 thus reducing the relative load at which the ventricle is working. By these mechanisms afterload reserve should increase. LVP decline is accelerated, with a concomitant decrease in the changes in EDP caused by leg elevation (Fig. 4) . This shifts the diastolic pressure±volume relationship to the left, to a better position on the Frank±Starling curve, with improvement of the length-dependent regulation of myocardial function.
Several aspects of the methods deserve attention. We studied patients with reasonable baseline cardiac function (preoperative ejection fraction >40%). Further studies are needed of milrinone in patients with severely impaired baseline LV function (preoperative ejection fraction <30%). Heart rate during the protocol was regulated with cardiac pacing, to exclude variations in heart rate between patients and within the same patient as a confounding factor. However, pacing alters the normal LV conduction patterns. This could enhance the load dependency of LVP decline, as is seen experimentally in dogs. 21 The current data were obtained with an open chest and an open pericardium. After pericardiotomy, the EDP±dimension relationship moves to the right, 17 22 with improvement of the Frank±Starling mechanism compared with closed-chest conditions. 17 The present results should not be applied to closed-chest conditions without further study. We studied anaesthetized patients. Neurohumoral re¯exes, including those mediating cardiac function, may have been blunted or altered by anaesthesia. In addition, all patients were taking long-term preoperative oral b-blocking medication. This could have in¯uenced the current observations because of the effects of b-blocking medication on rate of LVP decline. 23 24 In conclusion, in our study of coronary surgery patients, milrinone not only improved baseline LV function but also improved the length-dependent regulation of myocardial function, suggesting that phosphodiesterase III inhibitors improve the Frank±Starling mechanism. 
